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RecoveryA novel material for recovery and separation of precious metal using grape-derived waste has been developed.
The material was fabricated glutaraldehyde-crosslinked polyphenol, which derived from grape-derived wastes.
Adsorption performance of precious metals (Au, Pt, and Pd) onto glutaraldehyde-crosslinked polyphenol was
investigated using inductively coupled plasma atomic emission spectrometry. Commercially available material
was adsorbed regardless of the type of the precious metal however, glutaraldehyde-crosslinked polyphenol
selectively absorbed Au. Glutaraldehyde-crosslinked polyphenol can be deposited as precious metal in the
form of metal without reductants. These results indicate that glutaraldehyde-crosslinked polyphenol has great
potential for separating and recovering materials, such as in urban mining and in plating waste.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Preciousmetals are used not only in jewelry but also in the electronic,
catalytic, and medical ﬁelds. However, if we continue to use precious
metals at the same rate as in current practices, precious metals will
become depleted in the near future. Therefore, technologies for the sep-
aration and recovery of preciousmetals through urbanmining of sources
such as electronic waste (E-waste) are required [1]. For instance, Au
recovery has been performed using solvent extraction methods [2,3].
However, these methods are complicated, and large amounts of waste
by-products, such as solvent waste, are generated. The separation of Pt
metal groups by ion exchange [4] and biosorption technologies [5] has
been reported. However, these technologies use petroleum-derived
materials, resulting in high costs and environmental loads. Thus, the
development of preciousmetal recoverymaterials derived frombiomass
waste would be indispensable to overcome these problems.
Polyphenol derivatives are known to form ligand-substituted com-
plexes in precious metal recovery technologies. Polyphenols derived
from waste, such as persimmon tannin and wood lignin, have been
reported. However, persimmon tannin availability is limited to East
Asia, and the puriﬁcation of wood lignin is challenging. Grape seed,
which contains high percentages of polyphenols, is discharged as a
waste during white wine production worldwide. Thus, we propose a
new material for the separation and recovery of precious metals using
a molecule from grape waste. In this study, we focus on grape seed-
derived Gravinol, which possesses a high content of hydroxyl groups
and high polyphenol purity. Because unmodiﬁed Gravinol is waterichijoji-kitamachi, Musashino,
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. This is an open access article undersoluble, employing it as received in grape waste for the separation and
recovery of preciousmetals is difﬁcult. Here,we report thedevelopment
of a novel insoluble glutaraldehyde (GA) crosslinked Gravinol, termed
Gravinol-GA, with separation and recovery properties for precious
metals.
2. Materials and Method
2.1. Materials
Gravinol (SE grade),which containsmore than83%proanthocyanidins
and is derived from grape seed, was provided by Kikkoman Biochemifa
Company (Tokyo, JAPAN). In general, Gravinol (SE grade) is an oligomer
that consists of 3–5 molecules of ﬂavonoid derivatives. DIAION SA10A,
a commercially available anion-exchange resin, was purchased from
Mitsubishi Chemical Corp. (Tokyo, JAPAN). GA (25%), sodium hydrate,
tetrachloroauric (III) acid, hexachloroplatinic (IV) acid, and palladium
(II) chloride were purchased from Wako Pure Chemical Industrials Ltd.
(Osaka, JAPAN). All chemicals were used without further puriﬁcation.
2.2. Fabrication of Gravinol-GA
Scheme 1 shows illustration of GA crosslinked Gravinol (Gravinol-
GA). Brieﬂy, Gravinol (1.0 g) was dissolved into 4.0 mL of a sodium
hydrate (100 mM) and 25% GA solution, such that the ﬁnal GA con-
centrations were 280, 560 and 1120 mM [6,7]. Each mixture was
stirred and poured into a mold with a 1 mm silicone rubber spacer
between two glass plates for 24 h at 70 °C. The resulting 280 mM of
GA, Gravinol-GA is abbreviated as Gravinol-GA280, hereafter
Gravinol-GA560, and Gravinol-GA1120, were obtained using a similar
procedure to that described above (see Table 1).the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Gravinol
Gravinol
Gravinol
Gravinol
GravinolGlutaraldehyde
=
n = 1-3
n
Gravinol=
O
OH
HO
OH
OH
OH
OH
O
OH
HO
OH
OH
OH
OH
O
OH
HO
OH
OH
OH
OH
Scheme 1. Fabrication of glutaraldehyde-crosslinked Gravinol. Narrow arrows in Gravinol
molecule mean reactive position to glutaraldehyde.
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Fig. 1. Time course of Au adsorption ratio by Gravinol-GA280, -GA560, and -GA1120.
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Quantiﬁcation of metal ions were performed using inductively
coupled plasma atomic emission spectrometry (ICP-AES iCAP6000,
Thermo Fisher Scientiﬁc, Yokohama, JAPAN).
2.4. XPS analysis
To investigate of type of Au precipitation on the sorbent surface
through X-ray photoelectron spectroscopy (XPS; PHI, model 1600).
3. Results and discussion
Since the aim of this study is precious-metals recovery from an
urban mine after aqua regia processing, acid resistance of Gravinol-GA
is required. The acid resistances of Gravinol-GA with different GA con-
centrations were investigated and remained in 1.0 M hydrochloric
acid solution after 24 h. Theoretically, 1.0 g of Gravinol contains
4.5 mmol of reaction sites [7]. Therefore, all reaction sites in Gravinol
should completely react with the aldehyde groups of GA when a GA
concentration of 560 mM in 4.0 mL of solution is employed. Thus, the
reaction sites of Gravinol and GA are equimolar in Gravinol-GA560. The
water content in Gravinol-GA560 was determined using the following
equation:
Water content = (Ww−Wd)/Ww × 100
where Ww andWd are the weights of Gravinol-GA when immersed in
water and after drying, respectively. The water content of Gravinol-
GA560 was 60.2%, which is the lowest value when compared to
Gravinol-GA280 and Gravinol-GA1120. According to the Flory–Rehner
equation, the crosslinking density of the crosslinked polymer increases
with decreasing water content [8]. Therefore, Gravinol with a highTable 1
Abbreviation of fabricated Gravinol-GA and its character.
Abbreviation Molecular ratio of reaction cite
Gravinol/GA
Water contents
(%)
Gravinol-GA280 2 67.0 ± 1.6
Gravinol-GA560 1 60.2 ± 2.3
Gravinol-GA1120 1/2 67.1 ± 0.7crosslinked density may be obtained with equimolar Gravinol and GA
reaction sites.
The effect of Gravinol-GA crosslinking density on the adsorption of
Au was then investigated. Gravinol-GA (0.10 g) with different GA
concentrations was immersed into 1 mL of Au-containing solution
(100 ppm, pH 1.25). In this study, the adsorption ratio (RA) of the pre-
cious metal ions is calculated from the followed equation:
RA (%) = (c0− cw)/c0 × 100
where the cw and c0 are the concentrations of the precious metal ions
(ppm) in the aqueous solutions after and before adsorption, respectively.
Fig. 1 illustrates the time course of Au adsorption ratios for Gravinol-GA
preparations with different GA concentrations. In this study, adsorption
ratio was deﬁned as the percentage of adsorbed precious metal to the
Gravinol-GA. The ratios indicates that Gravinol-GA absorbed more than
99% of the available Au within 1 h and then increased gradually with
increasing time, up to 6 h. Au adsorption to Gravinol-GA560 exhibited
the highest value compared to Gravinol-GA280 and GA1120, most likely
because the reaction sites of Gravinol and GA are equimolar. In the
case of Gravinol-GA280, because the GA concentration was half that of
Gravinol-GA560 the Gravinol which does not contribute to crosslinking
dissolved in solution. In contrast, the GA concentration in Gravinol-
GA1120 was two-fold higher than in Gravinol-GA560, adsorption of Au
was reduced due to the decreasing cross-linking density. It has been0
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Fig. 2. Adsorption ration of various precious metals by Gravinol-GA560 (black bar) and
SA10A (gray bar). Each metal concentration was ﬁxed at 100 ppm.
Fig. 3. After Au adsorption experiment. Images of (a) Gravinol-GA560, and (b) SA10A.
(c) XPS spectrum of Gravinol-GA560.
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metals and the reduction of the Gravinol-GA hydroxyl groups occur [9].
To investigate the precious metal adsorption properties of Gravinol-
GA, 0.10 g of Gravinol-GApreparationswith differentGA concentrations
were immersed in 1.0mL preciousmetal solutions (each preciousmetal
solution concentration was adjusted 100 ppm, pH 1.25) at 25 °C. Fig. 2
shows the adsorption ratios of precious metals to Gravinol-GA560 and
SA10A as controlled material. As shown in Fig. 2, Pt adsorption to
Gravinol-GA was slight. In contrast, approximately 20% of the availablePd was adsorbed to Gravinol-GA560, and more than 99% of the available
Au was absorbed to Gravinol-GA560. In the case of SA10A, more than
95% of the preciousmetals were absorbed to resin, regardless of species.
These results indicate that, ion-exchange resin adsorbed indiscrimi-
nately precious metal ions with negative charge, however Gravinol-
GA560 possesses high adsorption capacity for Au and that Pt and Pd
can be separated from a mixture despite their similar properties. Fig. 3
shows analysis after Au adsorption experiment of Gravinol-GA560,
and SA10A. As shown in Fig. 3a, golden precipitates derived from Au
were observed on the surface Gravinol-GA560. In contrast, SA10A was
not deposited as golden precipitates even though it turned yellow
from transparent as shown in Fig. 3b. As shown in Fig. 3c, two peaks de-
rived from Au atom were observed in Gravinol-GA560. Therefore,
Gravinol-GA560 possessed not only speciﬁc adsorption property but
also reductive property.
4. Conclusion
This paper demonstrated that Gravinol-GA possesses preciousmetal
recovery and reduction properties. The detailedmechanisms of the pre-
cious metal recovery and reduction properties by Gravinol-GA are cur-
rently under investigation. Gravinol-GA has great potential for
separating and recovering materials, such as in urban mining and in
plating waste.
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